In response to progressively brighter flashes, the amplitude of the photopic b-wave of the human electroretinogram (ERG) first increases, then saturates at a maximal value (V max ) to finally decrease with the brightest flashes. The purpose of this study was to investigate if this ''photopic hill'' could be modulated with the use of stimuli of different wavelengths. ERGs were evoked to flashes of white, blue, green and red light presented against a white background in 30 normal subjects. Each chromatic stimulus produced a photopic hill. Findings indicate that the amplitude of V max was essentially identical except for that measured in response to the red stimuli, where it was 20% smaller than the others.
Introduction
In response to progressively brighter stimuli, the amplitude of the photopic ERG b-wave first increases, then saturates over a narrow range of intensities and, if the flash luminance continues to augment, will demonstrate a gradual deterioration. This unique luminanceresponse function is referred to as the Photopic Hill, a terminology used by Leguire (1992, 1993) who were first to describe it. Little is known about the retinal mechanisms at the origin of this ERG phenomenon. It would appear, as its name suggests, to be a feature limited to the cone ERG, given that the luminance-response function of the rod-mediated b-wave is not known to demonstrate a similar amplitude decay with brighter flashes. We know that it most probably does not reflect the gradual depletion of some retinal element (photopigment, neuromediator, neuromodulator, etc.) or the progressive inhibition of a response, which could result from an overstimulation caused by the additive effect of a series of progressively brighter flashes, since an identical photopic hill is obtained whether the flashes are delivered in incremental or decremental order (Wali & Leguire, 1992) .
Cone ERG responses are normally evoked to flashes of light delivered in the presence of a rod-desensitizing background light whose purpose is to avoid inclusion of a rod contamination to the response. To achieve this goal it is suggested to use a background whose luminance is between 17 and 34 cd m À2 (Marmor & Zrenner, 1998) ; although Peachey, Alexander, Derlacki, and Fishman (1992) have shown that cone specific responses could be isolated with backgrounds as dim as 1.3 cd m À2 . In a previous study (Rufiange, Rousseau, Dembinska, & Lachapelle, 2002) , we examined the photopic hills obtained in the presence of a rod-desensitizing background whose luminance varied between 18 and 525 cd m À2 and compared them to one obtained at the onset of dark adaptation. We showed that the maximal amplitude of the b-wave, which is reached at the peak of the photopic hill, was not dependent upon the luminance of the rod-desensitizing background light. There was no significant difference between the V max obtained with the brightest or dimmest photopic backgrounds. The V max of the photopic hill was, however, significantly smaller than that measured within the first minute of dark adaptation. These results suggested to us the concept of finiteness to describe the cone ERG b-wave. In other words, the maximal amplitude which is reached at the peak of the photopic hill, and the gradual decay in amplitude which follows, most probably do not result from the inability of the entire retina to process brighter stimuli, but is more the consequence of a built-in, intrinsic voltage limitation mechanism specific to the retinal cone pathway.
The purpose of this study was to investigate if photopic hills, of the nature described above, could also be evidenced with the use of chromatic stimuli of wavelengths spread along the visible range namely 410 nm (blue), 510 nm (green) and 640 nm (red) stimulus. Results indicate that photopic hills generated with flashes of blue and green stimulus yield almost identical V max amplitudes which are not significantly different from that obtained with white light stimulus. In contrast, the amplitude of the V max obtained with the red stimulus was significantly smaller than any of the above. The red stimulus also generated smaller oscillatory potentials (OPs), the reduction being most pronounced with the long latency OP 4 . Knowledge of the above not only adds to our understanding of the retinal mechanisms underlying this unique feature of the cone ERG response but also further defines its limitation.
Methods

Preparation of subjects
Experiments were performed on 30 normal subjects, 23 women and 7 men, aged 18-25 years old (mean: 21.1 ± 1.6 years old), who all voluntarily agreed to participate and sign an informed consent to that effect. All subjects received a complete ophthalmological examination prior to testing in order to ascertain normalcy. This study followed the tenets of the Declaration of Helsinki. Binocular ERGs were recorded with the use of DTL fiber electrodes (27/7 X-Static silver coated conductive nylon yarn: Sauquoit Industries, Scranton, PA, USA) on fully dilated pupils (Tropicamide 1%) according to a protocol previously reported (Rufiange, Dumont, & Lachapelle, 2002; Rufiange, Rousseau et al., 2002; Rufiange et al., 2003) . Briefly, the DTL electrodes were positioned deep into the inferior conjunctival bags and secured with double-sided adhesive tape at the external and internal canthi of each eye. Reference and ground electrodes (Grass gold cup electrodes filled with Grass EC2 electrode cream) were pasted at the external canthi of each eye and on the forehead respectively. In view of the expected inordinate length of the recording sessions (i.e. 90 min), the proper positioning of the DTL electrode as well as maximal pupil dilation was verified at regular intervals throughout the recording session.
ERG procedures
The subjects were first placed in front of a Ganzfeld of 30 cm in diameter and light-adapted for 10 min to a roddesensitizing white light background of 17 cd m À2 (lower limit recommended by ISCEV; Marmor & Zrenner, 1998) after which photopic electroretinograms (ERGs) (bandwidth: 0.3-500 Hz; amplification: 20,000·; attenuation: 6 dB) and oscillatory potentials (OPs) (bandwidth: 75-500 Hz; amplification: 20,000·; attenuation: 6 dB) were recorded simultaneously with the use of a LKC UTAS-E-3000 system (LKC Systems Inc., Gaitherburg, MD, USA). Each flash had a duration of 20 ls and the interstimulus interval was fixed at 2.3 s. Ten responses were recorded and averaged at each flash intensity and each tracing included a 40 ms pre-stimulus baseline. Luminance-response functions were obtained to white (intensity range: À0.8 to 2.84 log cd s m À2 ), blue (GamColor filter #850, k max = 410 nm; intensity range: À2.01 to 1.24 log cd s m À2 ; www.gamonline.com), green (GamColor filter #650, k max = 510 nm; intensity range: À1.31 to 1.14 log cd s m
À2
) and red (GamColor filter #250, k max = 640 nm; intensity range: À1.43 to 1.02 log cd s m À2 ) light. The light transmittance of the three filters are presented in Fig. 1 . Background luminance and flash intensities were measured with a research radiometer (IL 1700; International Light, Newburyport, MA, USA). 
Data analysis
Analysis of the ERG included peak time and amplitude measurements of the a-, b-and i-waves and of the OPs. The data from both eyes were averaged (average of left and right eye measurements) to yield a single data point. The amplitude of the a-wave was measured from baseline to trough and that of the b-wave from the trough of the a-wave to peak. The i-wave was measured from the trough following the b-wave to the peak of the i-wave. Analysis of the OPs was restricted to the first three major OPs identified as OP 2 , OP 3 and OP 4 . The amplitudes of the OPs were measured individually from the preceding trough to the peak, except for OP 2 , which was measured from baseline. Peak times were measured from flash onset to the peak of each wave. Fig. 2 identifies the variables that were previously suggested in order to analyze the b-wave photopic hills (Rufiange et al., 2003) . The seven variables are: (1) V max : the maximal amplitude of the b-wave; (2) a max : the amplitude of the a-wave of the V max ERG; (3) I max : the intensity of the V max ; (4) b/a max : the ratio of the amplitude of the b-wave over that of the a-wave for the V max ERG (not shown at Fig. 2) ; (5) K a : the flash intensity necessary to produce a b-wave 50% of V max amplitude on the ascending limb of the photopic hill; (6) K d : the flash intensity necessary to produce a b-wave 50% of V max amplitude on the descending limb and (7) K a=b : the flash intensity at which the a-and b-waves are of equal amplitude.
Statistical comparisons between the results obtained with the different wavelengths of flash were performed with one-way analyses of variance (ANOVAs), with the factor wavelength of flash (white, 410 nm blue, 510 nm green and 640 nm red) as repeated measures. Post hoc analyses were performed using the Tukey HSD test when the ANOVAs were found significant.
Results
Representative ERG responses (left) with their corresponding OPs (right) evoked to white, 410 nm blue, 510 nm green and 640 nm red stimuli are shown in Fig. 3 . The a-, b-and i-waves are identified with the corresponding letter and the OP 2 , OP 3 and OP 4 with the corresponding number. The overall morphology of the ERG and the OP responses are similar for all four stimuli. In all instances, the amplitude of the a-wave gradually augments with increasing flash intensities while that of the b-and i-waves initially grow in amplitude with progressively brighter flashes, then reach a plateau and finally decrease in amplitude with the brightest stimuli. Moreover, while the amplitudes of the short latency OPs (OP 2 and OP 3 ) augment regularly in response to progressively brighter flashes, OP 4 splits into two distinct OPs (identified as OP 4a and OP 4b ) with the brightest flashes. Furthermore, it is of interest to note that, unlike OP responses evoked to white, blue and green stimuli, that obtained to red stimulation does not include a fully developed OP 4 , that is one which is clearly separated from OP 3 , and whose amplitude is significantly larger (almost double in white light responses; Lachapelle, 1994) than that reached by OP 2 and OP 3 . This last point will be further discussed later on.
Illustrated in Fig. 4 are photopic a-and b-wave luminance-response functions (mean ± SD) obtained to white, blue, green and red stimuli. In the top four graphs, the a-wave is represented by the filled squares and the b-wave by the filled circles. Irrespective of the wavelength of the stimulus, the amplitude of the b-wave increases, reaches a maximal value (V max ) and then decreases in response to progressively brighter flashes. Hence, each chromatic stimulus produced a photopic hill. There were however some differences in the corresponding photopic hills as shown at the bottom of Fig. 4 where they are superposed to ease comparison. The seven variables measured to describe the photopic hill are reported at Table 1 .
The lowest (p < 0.0001) maximal amplitude (V max ) of the b-wave was obtained in response to the red stimulus, while the V max obtained to the blue and green flashes did not differ from that measured in responses evoked to the white stimuli. Similarly, the amplitude of a max also varied with the wavelength of the stimulus, being largest in response to the blue stimulus (p < 0.0001) and smallest in response to the red stimulus while the green and white stimuli yielded almost identical a-wave luminance-response functions. Interestingly, the b/a max ratio was highest in responses evoked to the white stimulus. The dimmest and brightest I max were those used to generate the blue and red V max (p < 0.0001) respectively, while there were no significant differences in I max value for the green and white stimuli. The same color ranking was observed for K a , that is, subjects were most sensitive to blue followed by green, white and finally red. Post hoc analyses revealed that every wavelength generated a K a significantly different from each other (p < 0.001). This aspect of our results is best illustrated at the bottom of Fig. 4 where the four luminance-response curves (for a-and b-waves) are superposed. The suggestion of an enhanced sensitivity to the 410 nm blue stimulus is further evidenced at Fig. 5 where the b-wave luminance-response curves are normalized relative to the V max of each subject. The data are also re-centered in order to line up the V max obtained with the different stimuli. One can note that the overall shapes of the four photopic hills are quite similar. Interestingly however, both the ascending and descending limbs of the 410 nm blue photopic hill are shifted to the left by approximately 0.3 log units. Finally, statistical analyses were not performed on K d and K a=b, since not all wavelengths yielded measurable values for these parameters (see bottom of Table 1 ). In all instances, an increase in the intensity of the flash resulted in faster a-waves (Fig. 6) . For a given intensity of stimulation, the peak time of the a-wave was always fastest in responses evoked to the blue stimulus. In comparison, with progressively brighter flashes, the timing of the b-wave first shortens gradually (until around À1.0 log cd s m À2 ) than lengthens (up to intensities of 1.0 log cd s m
À2
) and finally shortens again with the brightest stimuli. This pattern was similar for every wavelength, except for the green and red stimuli which did not show the final decrease in timing.
A similar difference in chromatic sensitivity was also observed for the post-b-wave component identified as i-wave. This is best illustrated with the data shown in Fig. 7 where its amplitude increases, saturates and then decreases with progressively brighter flashes, and that, irrespective of wavelength. As shown at the bottom of Fig. 7 , where the four graphs are superposed, the V max of the i-wave is highest in response to the white stimulus and lowest in response to the blue and red (see also Table 2 ). It is of interest to note that the flash intensity needed to reach the i-wave V max varied according to wavelength being dimmest with the blue stimuli and brightest with the red stimuli, thus demonstrating a chromatic differentiation identical to that observed with (Table 2) . Finally, irrespective of the wavelength, the i-wave reached its maximal amplitude at a flash intensity approximately 0.2 log unit dimmer than that needed for the b-wave. . Mean (±SD) a-and b-wave luminance-response functions to white, 410 nm blue, 510 nm green and 640 nm red flashes. In the top four graphs, the squares represent the a-wave and the circles, the b-wave. In the bottom two graphs, the four curves are superposed to ease comparison. The abscissa is in log cd s m À2 and the ordinate is in lV. Refer to text for definition of the parameters and statistical analyses. V max and a max are expressed in lV whereas I max , K a , K d and K a=b are in log cd s m À2 and b/a max represents a ratio. K d was obtained for 19 subjects with white, 9 with blue, 5 with green and 0 with red stimuli. K a=b was obtained for 24 subjects with white, 14 with blue, 7 with green and 0 with red stimuli. Post hoc analyses: 1 = different than the 3 others, 2 = different than green, 3 = different than blue and red, p < 0.005. Also illustrated in Fig. 3 are representative OPs obtained from a normal subject in response to white, blue, green and red flashes presented in photopic condition. Data on OP amplitude measurements obtained at the intensity of flash which produced the maximal OP amplitude (sum of all three major OPs, i.e. SOPs = OP 2 + OP 3 + OP 4 ) are presented in Table 2 . For example, for the chromatic luminance-response functions illustrated in Fig. 3 (510 nm green) and 0.57 log cd s m À2 (640 nm red). The resulting tracings are compared in Fig. 8 . The amplitude of OP 2 is significantly larger in response to the blue stimulus (p < 0.0005), while the other three stimuli produced almost equivalent OP 2 amplitudes (Table 2 ). In comparison, all wavelengths generated identical OP 3 (p > 0.10). The most pronounced chromatic effect on the OP response was observed with the red stimulus where we noticed a significant reduction (p < 0.0001) in the amplitude of OP 4 to a value 69% of that reached with the white stimulus. In comparison, the amplitudes of the white, blue and green OP 4 were not significantly different from each other. As a result of the above, the SOP amplitude is highest to the blue (p < 0.05) followed by the green and white and smallest in responses evoked to the red stimuli (p < 0.0001).
Discussion
The purpose of this study was to explore, with chromatic stimuli, if the typical photopic hill shape of the cone ERG luminance-response function was a universal feature irrespective of the wavelength of the stimulus. It should be emphasized here that our goal was not to isolate the S-cone response from the M-and L-cone response such as it is performed in other laboratories (Gouras, 2003; Gouras & MacKay, 1990; Gouras, MacKay, & Yamamoto, 1993; Sawusch, Pokorny, & Smith, 1987; Simonsen & Rosenberg, 1996; Swanson, Birch, & Anderson, 1993; Yamamoto, Nitta, & Kamiyama, 1997; Yamamoto, Hayashi, & Takeuchi, 1999 ) but rather to investigate if the previously reported photopic hill shape of the cone ERG luminance-response function was wavelength-dependent.
In all instances, a gradual increase in the strength of the stimulus progressively brought the amplitude of the b-wave to a maximum value (V max ) before showing a decrease with brighter flash intensities, thus resulting in the typical photopic hill shape previously evidenced by others with a white light stimulus (Kondo et al., 2000; Lachapelle, Rufiange, & Dembinska, 2001; Rufiange, Dumont et al., 2002; Rufiange, Rousseau et al., 2002; Rufiange et al., 2003; Wali & Leguire, 1992 . There were however some differences, the most striking being that the amplitude of the red V max was significantly smaller (20%; p < 0.0001) than those obtained with the white, blue and green stimuli. The latter finding is of utmost importance given that in previous studies (Rufiange, Rousseau et al., 2002; Rufiange et al., 2003) , we had shown that the amplitude of the b-wave V max did not vary significantly despite an increase in background illumination from 18 to 525 cd m À2 , which resulted in a significant rightward shift along the intensity axis. This finding led us to postulate that the value of V max was an immutable feature of the cone ERG b-wave luminance-response function that probably reflected the maximal voltage that can be generated by the retina irrespective of the stimulation conditions.
The results presented here would suggest that this is not always the case.
It is important to stress that the smaller V max that we obtained with the red stimulus was not due to our Amplitudes are given in lV and intensities in log cd s m À2 . OP results with the red flashes include 29 subjects. Post hoc analyses: 1 = different than the 3 others, 2 = different than white and green, 3 = different than blue and red, 4 = different than red, p < 0.05.
inability to generate a flash bright enough since, in 24 of the 30 subjects tested, this V max was followed by progressively smaller b-waves evoked in response to gradually brighter flashes. Thus, the maximal amplitude of the cone ERG b-wave that was reached with the red flashes did represent the maximal output (as measured with the cone ERG b-wave) that the retina could generate in response to this type of stimulus delivered in photopic condition. Some could argue that our finding of a significantly smaller cone b-wave V max in response to a red stimulus could have resulted from a sampling error inherent to the protocol we used. In other words, we would have missed the ''real'' V max because our interval between two consecutive intensities was too wide. We do not believe that this was the case since, except for the white stimulus, the same intensity intervals were used for all chromatic stimuli and only the red stimulus showed such a marked attenuation in V max . Furthermore, if a sampling error would have been at the origin of the smaller V max to 640 nm red and given that retinal sensitivity was not exactly the same for all subjects, we would have expected that the ''real'' V max (i.e. of an amplitude identical to that reached with the other stimuli) would have appeared at least in some subjects. In fact, for all the subjects tested, the V max to red was always the smallest of all, a finding which further supports our claim that this is what characterizes photopic hills obtained to a long-wavelength stimulus. The morphology of the OP signal evoked in response to the red stimulus (see Figs. 3 and 8) was also unique. There was a significant reduction in amplitude of OP 4 to a value approximately 70% of that reached with the other wavelengths. Similarly the amplitude of OP 2 was also smallest with red flashes while that of OP 3 did not appear to be wavelength-dependent. As a result of the above, the sum of OPs (SOPs) generated with the red stimulus was approximately 20% smaller than that reached with the other wavelengths, a reduction in amplitude similar to that reached with b-wave V max measurements. The latter is in agreement with previous observations that the genesis of the b-wave and the OPs are probably more intimately tied than originally thought (Lachapelle, 1987; Peachey, Alexander, Derlacki, Bobak, & Fishman, 1991; Rousseau & Lachapelle, 2000) . Similarly, it is noteworthy to remember that a specific modulation in the amplitude of OP 4 was previously reported elsewhere. For example, OP 4 is the only OP to be specifically and significantly enhanced during the light adaptation effect which is evidenced following a prolonged period of dark adaptation: its amplitude nearly doubling (like that of the b-wave) within the first 10 min of exposure to the photopic background (Benoit & Lachapelle, 1995; Lachapelle, 1987; Peachey et al., 1991) . OP 4 was also the ERG component most affected in another light adaptation phenomenon observed this time following exposure to a bright photopic background light (Rousseau & Lachapelle, 2000) . Along the same line of thoughts, we showed (Lachapelle et al., 1998 ) that two complementary retinal disorders, namely congenital stationary night blindness (CSNB, an alleged retinal ON-pathway anomaly; Barnes, Alexander, & Fishman, 2002 ) and a familial form of cone dystrophy (alleged retinal OFF-pathway anomaly; Sieving, 1994), also had complementary photopic oscillatory potential anomalies. In CSNB, the first two OPs (OP 2 and OP 3 ), suggested to signal the activation of the retinal ON-pathway, are specifically abolished, while in the family with cone dystrophy it is the later one (OP 4 ), suggested to signal the activation of the retinal OFF-pathway, which was abolished. It is noteworthy to remember that Kojima and Zrenner (1978) had previously suggested an OFF-origin for the long latency OP of the photopic response. These results thus suggest that ON-and OFF-retinal pathways can be separately monitored with the OPs and consequently, our demonstration of a significantly smaller OP 4 in response to the red stimulus would again attest to the fact that this wavelength is less efficient in triggering a retinal OFFresponse.
Another interesting finding reported in the present study is the shift of the photopic hill along the intensity axis noted in response to blue and red relative to the green and white stimuli. According to our results, the human retina would be most sensitive to short-wavelengths and less to long-wavelengths. Similar ERG sensitivities have been reported by other laboratories (Evers & Gouras, 1986; Hood, Cideciyan, Roman, & Jacobson, 1995) . The weaker sensitivity to the 640 nm red stimulus could be explained by the fact the three types of cones in humans, even the L-cones, are not very sensitive to wavelengths above 600 nm (Forrester, Dick, McMenamin, & Lee, 2002) . Thus, fewer photoreceptors could be responding to the red stimulus. The greater sensitivity to short-wavelength is harder to explain. One could easily ponder on a possible rod intrusion in cone ERGs evoked to 410 nm blue light, since rods are most sensitive to short-wavelengths (Forrester et al., 2002) . However, our previous demonstration that the amplitude of the cone b-wave V max remains identical while the roddesensitizing background light varies between 18 and 525 cd m À2 Rufiange, Rousseau et al., 2002 suggests that rods most probably do not contribute to cone ERGs, irrespective of the wavelength of stimulus used. Furthermore, when the four photopic hills are normalized and re-centered around the V max (Fig. 5) , the ascent of the blue photopic hill is markedly shifted to the left (dimmer intensities) compared to the others which are superposed, suggesting that the sensitivity change is mainly reflected by a translation of the entire photopic hill on the intensity axis rather than by a change in the shape of the photopic hill itself.
The hill shape of the luminance-response curve of the i-wave has been demonstrated elsewhere (Kondo et al., 2000; Rufiange, Rousseau et al., 2002) . Results presented in this study further confirm, as previously alluded to, that the fate of two waves are intimately tied since, irrespective of the wavelength of the stimulus, the i-wave V max was reached at an intensity 0.2 log unit dimmer than that of the b-wave. Hence, the b-wave and the i-wave generators appear to be either the same or highly dependent upon each other. Also, the fact that the i-wave was previously alleged to originate through the activation of the OFF-pathway (Nagata, 1963) , probably at the level of the retinal ganglion cells (Rousseau, McKerral, & Lachapelle, 1996) would again bring further support to the claim that the descent of the photopic hill result from the gradual weakening of the OFF-ERG component caused by progressively brighter flashes (Kondo et al., 2000) .
In summary, use of chromatic stimuli to generate the unique photopic ERG luminance-response function provided us with a new means to further distinguish the different components of the photopic ERG signal as well as hypothesize on the possible origin of the photopic hill. Further work on patients with color vision deficiencies would help better define the relative contribution of the S-, M-and L-cones to the making of the different ERG components and the resulting photopic hill.
